Single protein biomarkers measured with antibody-based affinity assays are the basis of molecular diagnostics in clinical practice today. There is great hope in discovering new protein biomarkers and combinations of protein biomarkers for advancing medicine through monitoring health, diagnosing disease, guiding treatment, and developing new therapeutics. The goal of highcontent proteomics is to unlock protein biomarker discovery by measuring many (thousands) or all (~23,000) proteins in the human proteome in an unbiased, data-driven approach. Highcontent proteomics has proven technically difficult due to the diversity of proteins, the complexity of relevant biological samples, such as blood and tissue, and large concentration ranges (in the order of 10 12 in blood). Mass spectrometry and affinity methods based on antibodies have dominated approaches to high-content proteomics. For technical reasons, neither has achieved adequate simultaneous performance and high-content. Here we review antibody-based protein measurement, multiplexed antibody-based protein measurement, and limitations of antibodies for high-content proteomics due to their inherent cross-reactivity. Finally, we review a new affinity-based proteomic technology developed from the ground up to solve the problem of high content with high sensitivity and specificity. Based on a new generation of slow off-rate modified aptamers (SOMAmers), this technology is unlocking biomarker discovery.
Human biology is complex and surprising. When the details of a single biochemical pathway are studied, nuances emerge. The integration of biochemical pathways within a single human cell type is beyond us [1] , and the integration of those cell types into the biochemical human remains even further away. Then there is the brain, biology's 'dark matter'. Clearly, we have a long way to go.
However, people are sick today and so we must diagnose and treat disease. Molecular diagnostics is a field of great promise, in part because one can measure molecules and correlate the appearance or concentrations of molecules with health and disease even when one does not (fully) understand the biochemical significance of the correlation. The goal of modern molecular diagnostics is to provide actionable information to physicians, patients, and families. Our view, shared by most people in the diagnostics community, is that the fundamental missing pieces in diagnostic science are good biomarkers.
Molecular diagnostics can utilize many approaches. One approach might be to image a tissue in vivo by scanning with a detectable (labeled) monoclonal antibody, while another might be to scan pathology slices with monoclonal antibodies or specific nucleic acid probes. Another approach might be to quantify mRNAs in tissue [2] [3] [4] [5] [6] [7] or miRNAs in blood using quantitative PCR or common hybridization platforms [4, [7] [8] [9] [10] [11] . Frequently, we measure specific protein molecules in blood (e.g., human chorionic gonadotropin, prostate-specific antigen [PSA] , cancer antigen 125) because basic research found correlations with pregnancy or disease. Antibody-based measurements have been developed successfully for single analytes (see later); however, as we have published previously and discuss below, antibodies do not work well at high array content [12] . This applies to both planar arrays (referred to as 'arrays' throughout this article, unless otherwise specified) or so-called 'suspension arrays', both of which are discussed later. The identification Review Brody, Gold, Lawn, Walker & Zichi of new protein biomarkers is best served by unbiased discovery with high-content proteomics, and is thus limited, together with antibody-based approaches, to the extent that the content remains limited. Unfortunately, single analytes rarely provide actionable information. Biomarkers are almost certainly going to be measured in panels because most medical conditions will not provide a single biomarker that is completely sensitive and specific for a disease (the way human chorionic gonadotropin provides a nearly perfect biomarker for pregnancy). Thus, biomarker discovery must have an empirical component to identify appropriate panels, and that component is the subject of much research (proteomic arrays) and the subject of this article.
For most molecular biologists, the molecules one would measure as correlates with disease would be proteins. While others have jumped to nucleic acid measurements because technology platforms allowed this transition, mRNA levels correlate poorly with protein levels [13] [14] [15] [16] [17] [18] . Much has been written about noncoding RNAs and the likelihood that they are involved directly in complex regulation of human gene expression [18] [19] [20] [21] [22] ; we must await the final word on the functions of the many RNAs found in cells. In bacteria, many important noncoding RNAs have been discovered by Ron Breaker and his colleagues [23, 24] . There exists already a rich and emerging literature for RNA measurements in humans, both in blood and in tissue [8, 9, [25] [26] [27] [28] ; if correlations are robust, molecular diagnostics will be agnostic as to the nature of the surrogate molecules we measure. To be clear, mRNA correlates with disease are just as useful as protein correlates for diagnosing and treating a patient.
However, we prefer protein biomarkers because they are immediately instructive about biology. Humans encode approximately 23,000 protein genes [29] and, with splice variants and post-translational modifications, the total number of different proteins is approximately 100,000. The question for proteomics has been "How do we know what to measure?" One answer would be to wait for solutions to that problem from the basic research community, while another might be to open up proteomics with a platform akin to hybridization arrays for nucleic acids [30] [31] [32] or NexGen sequencing [30, 33] . Arrays have changed the way biology research is done, as seen when one reads what Thomas Goetz wrote [34] about Google founder Sergey Brin; "...Brin is proposing to bypass centuries of scientific epistemology in favor of a more Googley kind of science. He wants to collect data first, then hypothesize and then find patterns that lead to answers." For the many years that many of the authors served on various study sections, the most common objection to a grant was that the proposed work was not hypothesis driven. We imagine that Sergey Brin loses little sleep over his knowledge that he could not have procured an NIH grant! Brin's point is well taken, but it is not necessarily a new idea. As David Glass recently put it, modern science (especially biomedical science) has lived under an intellectual tyranny of the hypothesis and a 'critical rationalist' framework, which "has been accused of being: inconsistent on philosophical grounds; unworkable for modern 'large science,' such as systems biology; inconsistent with the actual goals of experimental science, which is verification and not falsification; and harmful to the process of discovery as a practical matter" [35] . Glass suggests that most modern scientists pay lip service to the hypothesis in order to get money and publish papers, but practice a scientific method based on the question (as opposed to the hypothesis) as a framework for experimentation and building models. Real science is more open-ended and hypothesis-free than we might admit.
Big science, from super-colliders to the human genome project and beyond, always shows a shift to a large-scale, data-driven framework that is often free of hypotheses [35] [36] [37] . Funding agencies, such as the NIH and the National Science Foundation, justify this kind of science as hypothesis generating. One might imagine that the transition from hypothesis-driven experimentation to omics is a transition away from thought [38] . We, like Arthur Lander and Sergey Brin, find intense data (and models from those data) invaluable when thinking about biology.
In this article, we review an aspect of this paradigm shift in biomarker discovery -from hypothesis-based (small plex) protein measurements to high-quality unbiased (discovery plex) protein measurements, for the purpose of developing molecular diagnostics. In addition to describing a platform that works well, we will also describe some of the applications already in sight. At the end of this article, we will mention improvements to the proteomic platforms that would be of value.
This article focuses on reagent-dependent proteomics. Reagentfree proteomics has been possible since Pat O'Farrel's work on 2D gels in the 1970s [39] . Since then, the proteomics field has invested heavily in mass spectrometry (MS) as the reagent-free proteomics technology of choice. MS has yet to reach adequate sensitivity measuring proteins in complex matrices such as blood, and thus might identify useful biomarkers only occasionally [40, 41] . MS technology has been extensively reviewed elsewhere [41, 42] .
Historical protein measurements
Measuring proteins in solution has been a feature of biochemistry since proteins were first characterized. After World War II, two techniques took advantage of the specificity of antibodies to measure proteins through antigen-antibody-specific interaction. The first was a tube immunodiffusion technique, developed by Jacques Oudin at the Institute Pasteur in Paris [43] . Antibody was embedded in a soft gel and the gel was overlaid with sources of antigen in a liquid phase. When diffusion of the two components yielded a sufficiently high concentration of both, a precipitate formed. This was visible and stable and allowed photographic archiving of results. Ouchterlony, 2 years later, developed his plate double diffusion technique [44, 45] . In this technique, a series of holes are cut into a gel plate. Usually, antibodies are placed in center wells and sources of antigens in holes surrounding the antibody well. As the antigen and antibody diffuse toward each other, a precipitate forms when a sufficiently high concentration of each has accumulated at an interface. This technique also allows for small numbers of different antibodies to be probed on the same plate, and different epitopes can often be distinguished. This technique allowed for semi-quantification and was the major method for determining specific proteins in body fluids until the early 1960s.
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High-content affinity-based proteomics Insulin was measured through the radio-immune assay (RIA) of Yallow and Berson, which took advantage of the fact that guinea pig antibodies to beef insulin were sufficiently cross-reactive with human insulin to allow competitive binding [46] . The resulting RIA method became the standard for measuring specific proteins during the 1960s and beyond.
Subsequently, antigens and antibodies were linked to enzyme molecules that could cause a color change of a small substrate after binding and washing [47] [48] [49] ; two techniques, known as the enzyme immunoassay and ELISA, evolved. The work of vanWeeman and Schuurs measured chorionic gonadotrophin in human urine using an antigen coupled by glutaraldehyde to horseradish peroxidase [50] . The ELISA format was developed by Eva Engvall, a student in the laboratory of Peter Perlmann at Stockholm University. They combined RIA, enzyme labeling of antibodies, and coating of plastic with proteins to do their analysis [51] . Since then, ELISA, especially with the development of the sandwich assay to get the specificity of two independent epitopes on the same protein (or two identical epitopes on a multivalent protein), has been the standard assay format for the detection of proteins with high sensitivity.
Antibody multiplexing strategies
Two broad approaches have used multiplex antibody-based measurements to increase the content of proteomic measurements. Both approaches have been pushed hard to multiplex antibody-based measurements. One approach is the planar array analogous to DNA microarray. Another approach is solution-based multiplexed suspension arrays, such as Luminex and Illumina technologies, which use suspended particles that are coded for identification in place of solid planar supports. In the following sections we discuss specific common approaches that have been used.
Single antibody arrays
Single antibody non-sandwich arrays are an obvious avenue to multiplexed proteomics. Pat Brown's laboratory at Stanford (CA, USA) was an early advocate of printed antibody arrays and two-color comparative fluorescence assays [52] , following their success with DNA microarrays [31, 32] . In the ensuing 10 years, there has been a large effort to develop single antibody array technology. Recent examples include a similar two-color approach with larger spotted arrays (810 antibodies) [53] and lovely work from Carl Borrebaeck's laboratory in Sweden, who have published excellent reviews of the technology [54, 55] . In a recent paper, Proteomics and diagnostics: let's get specific, again, we reviewed the central issue of specificity for scaling proteomic technologies to deliver on the promise of high analyte density, sensitivity, and specificity [12] . Arrays of hundreds of printed single antibodies (antibody-capture arrays) are currently commercially available, but are limited to the sensitivity and specificity of a single antibody and suffer from cross-reactivity [12, 54, 55] . It is not possible, even with the very best monoclonals antibodies, to reliably measure intended analytes with single-non-sandwich reagents.
Sandwich antibody arrays
In sandwich ELISAs, the standard way to measure proteins has been to use a capture antibody, if possible a monoclonal antibody, to capture proteins, and then to use a secondary antibody, usually a polyclonal, to a second epitope on the captured protein. Often a third antibody (labeled with an enzyme) is used to detect the bound secondary antibody; through the use of a small-molecule substrate that provides a colorimetric or chemiluminescent signal. There are many variations of this technique, but the essential components are a capture antibody and a detection antibody (or antibody-enzyme conjugate or pair). The detection antibody, is in fact, used for both detection and specificity.
It has become apparent that the ELISA sandwich format is very difficult to adapt to a multiplexed assay in which one wants to measure hundreds to thousands of proteins simultaneously. First, the requirement that the capture antibodies be adsorbed to a solid surface has eliminated most solid surfaces as possible supports. Some surfaces tend to denature antibodies, and those that do not tend to have high background binding for serum proteins [56] . Even when a suitable surface is found, the requirement for two antibodies to two different epitopes on each protein has led to two large barriers for multiplexing more than 20-40 proteins at a time. One barrier is practical and one is theoretical. The practical barrier is the time and money required to get two monoclonal antibodies to each analyte for measurement. The way around such an expense is the slightly easier search for compatible existing monoclonal-polyclonal pairs. But here the theoretical barrier is seen. Polyclonal antibodies will invariably cross-react with other proteins bound to capture antibodies, even if they are mono clonal capture antibodies. In fact, much time and expense has gone into trying to mix and match antibodies for multiplexed ELISA sandwich assays, and approximately 40 appears to be the limit that one can achieve without the specificity breaking down [57] .
In sandwich-format arrays, the problem of cross-reactivity is amplified and limits the size and performance of the arrays [12, 58] . An example of the challenge posed by antibody arrays comes from Agilent Technologies (CA, USA), who worked hard to develop antibody arrays following their successful inkjet DNA array technology. The published data reports the development, performance and results from an antibody sandwich array of 75 proteins [58] . The authors state, "As the number of antibodies increases, the potential for antibody or antigen cross-reactivity also rises. We addressed this by doing extensive quality control experiments for each new antigen and antibody pair that was added to the arrays … In general we found that the feature background signals increased as the number of antibodies in the detection mixture increased, but we found the feature background signals to be manageable with careful selection of antibody reagents." The Agilent experience mirrors exactly the experience of Molecular Staging, as described (for smaller arrays of sandwich assays) a few years earlier [57] .
Fredriksson et al. developed a variation of the antibody sandwich assay that uses proximity ligation and quantitative PCR for readout [59] . The assay achieved low femtomolar and a five-log linear range for six analytes in a multiplexed liquid-phase format, Review Brody, Gold, Lawn, Walker & Zichi which cleverly alleviates some problems associated with solidphase ELISAs. The authors discuss the challenges of expanding to larger multiplex arrays, including the availability of appropriate antibodies, antibody cross-reactivity, and compatible array formats. That is, the intrinsic difficulties in gaining suitable specificity for proteomic measurements remain -the large range of protein concentrations in biological matrices, 12 logs, is at the heart of the problem [60] . We conclude that an exponential amount of work is required to overcome the exponential problem of noise.
Sandwich suspension arrays
The sandwich assay has been adapted to suspended particles (beads) that are coded for the purpose of multiplexing. Examples include Illumina and Luminex technologies. Suspension array formats have overcome the problems inherent with solid planar supports discussed earlier, but they still face the fundamental problem of cross-reactivity faced by all multiplexed antibody sandwich formats. We use these bead-based technologies in our laboratories, and we have experience with commercial suspension array proteomic analysis. Targeted suspension arrays with relatively modest content have been constructed to discover or refine biomarkers in clinical studies. For example, Domenici et al. present a thorough plasma protein biomarker discovery study of depression and schizophrenia where they measured 79 proteins in plasma (using more than one sub-array) through a commercial Luminex assay service and discovered a handful of potential biomarkers [61] . In another example, Kim et al. refined a clinical biomarker study of breast cancer by developing a focused Luminex panel to measure 35 proteins identified initially in a very large study with 2D gels, MS, single ELISAs, and literature searches [62] . The authors multiplexed 23 of the 35 assays and the remaining 12 assays were run singly due to cross-reactivity. Both studies are examples of targeted biomarker discovery.
In a recent development of suspension-based sandwich assays, Rissen et al. of Quanterix Corp. (MA, USA) reported digital ELISA technology, a single-molecule ELISA format that can measure serum proteins (PSA and TNF-a) at sub-femtomolar concentrations using bead array technology [63] . The reported format is for single analytes using an array with approximately 50,000 microwells (~50 fl volume). Presumably, the technology could be multiplexed with one array per analyte. In the case of PSA, the authors measured the equivalent of 1 fM serum concentration using 25 µl of serum.
ELISA was invented over 50 years ago, and yet we still need a way to measure hundreds to thousands of proteins with detection agents that can be used simultaneously in small volumes of blood.
Unbiased protein measurements

Slow off-rate modified aptamers
For more than 10 years, we have worked to build a human proteomics platform that has the performance of individual ELISA assays (high specificity, low limits of detection and high measurement precision), and also has high complexity so that protein biomarkers could be discovered through the Brin paradigm.
In 1990 two key papers described aptamers [64, 65] . Aptamers, identified through the process of Systematic Evolution of Ligands by Exponential Enrichment (SELEX), are the equivalent of monoclonal antibodies, except that they are made of nucleic acids (RNA, DNA or modified nucleic acids). Aptamers bind native confirmations in contrast to antibodies, which often bind linear epitopes. Aptamers are an alternative class of reagents to use for highly multiplexed protein measurements [12, 64, [66] [67] [68] [69] [70] [71] [72] [73] . Approximately 10 years ago, the entire literature for aptamers may have included the identification of (classic) aptamers for 100 proteins. A goal was set at SomaLogic (CO, USA): aptamers (good enough to measure proteins in complex matrices) would be generated against a large number of human proteins, and an assay platform would be developed that would allow ELISA-like performance without sandwiches [12, 66, 74] . The goal at SomaLogic, while correct with regards to the problem of deep multiplexing, was difficult to reach.
The problems intrinsic to the use of a single binding reagent to quantify a human protein in, for example, plasma or serum, have been described [12, 41] . The core of the problem is that dependence only on one reagent in the face of 12 logs of abundance differences between proteins in blood [60] asks more of equilibrium binding than is possible [12, 66] . Thus, we had to develop a platform that used novel (and better) aptamers, that had low equilibrium binding constants (e.g., dissociation equilibrium constants [K d s] below 1 nM) but that also allowed a nonequilibrium parameter to provide another element of specificity [70, 71, 75] .
The papers of John Hopfield were important in the evolution of what we call slow off-rate modified aptamers (SOMAmers), second-generation aptamers up to the task of multiplexed protein measurements [76, 77] . Hopfield understood that equilibrium could not be sufficient to prevent errors during protein synthesis and thus recognized (correctly) that kinetic proof-reading might solve the accuracy problem. He proposed that if one separated equilibrium binding into two distinct steps (with GTP hydrolysis the event that kept the two steps separate, unlinked), one could use the accuracy of a particular binding reaction twice.
Photoaptamers might have provided a cross-linking step that was the equivalent of Hopfield's post-GTP hydrolysis kinetic proofreading. For a variety of reasons that include collisions between reactive photo-activated aptamers and random proteins in a complex matrix, photoaptamers have not provided sufficiently low backgrounds to give ELISA-like performance. After much experimentation, we discovered that we could use equilibrium binding as the first specificity determinant, followed by kinetic selection for stable complexes between aptamers and their cognate target proteins as the required second specificity determinant.
To build this platform, we were obliged to invent a new class of aptamers, called SOMAmers. The idea was to generate novel aptamers that had the low K d s of classic aptamers, and that, in addition, had very slow dissociation rates with their cognate analytes but fast dissociation rates for most other proteins in plasma or serum. Dissociation rates for most aptamers with plasma proteins are fast, with half-lives of a few seconds -we reasoned that we simply had to select slow dissociation rates in the SELEX High-content affinity-based proteomics process itself. Simultaneously, we realized that novel nucleotide adducts, with new functionalities at the 5-positions on pyrimidines [78, 79] , would provide chemistry missing in classic aptamers and might yield SOMAmers that held on to their cognate partners through extra binding interactions [66] . The on-rates are slower than diffusion-limited rates, but the off-rates are also slow (half-lives of 30 min to several hours) [66, 79] .
We have determined the structure of a SOMAmer with its protein target at approximately 2.5 Å resolution [Janjic et al., Unpublished Data; 74] and more structures are in progress. As expected, the contact between the protein and SOMAmer is extensive and contains elements never seen before in either classic aptamer-protein structures [80, 81] or structures between natural RNAs and their binding partners [82] . The SOMAmer was identified from a singlestranded DNA library, where 5-benzyl-dUMP was substituted for every 'T' [79] . We found interactions between benzyl groups and amino acids, benzyl groups stacking on other nucleotides, and a remarkable compact hydrophobic 'turn' with benzyl groups at its core. Small modifications to standard nucleotide chemistry open a new world of possible structures; while SOMAmers are aptamers obtained through a modified SELEX process, their properties are completely unique. Modification of the pyrimidines of oligonucleotide libraries and understanding the high-resolution structures is a continuous process in the effort to create better and better SOMAmers.
SOMAscan assay
The core idea behind the present assay was to achieve selective binding of many aptamers to their cognate analytes in solution, to discard the free aptamers, and then to release the bound aptamers from their cognate proteins, so that the aptamers themselves could be quantified. Kinetic release of non-specifically bound aptamers (e.g., to proteins with patches of positively charged amino acids) is followed by capture of the cognate proteins with their bound aptamers, which are then released and measured. The assay yields proteomic quantification from a DNA measurement because the aptamers are themselves DNA molecules (Figure 1 ). The assay is described exhaustively in an article by Gold et al. [66] .
In this version of the assay, binding reactions occur in solution. Other versions could include printed aptamers. Solution binding obviates issues of avidity and rebinding, which are certain to enhance non-specific binding of aptamers to proteins that contain patches of positive amino acids (the 'growth factor problem' mentioned in [74] ).
The assay is not based on the same principle as tagging antibodies with DNA [59, 83] ; the aptamers are both the binding agent and the quantifiable DNA species. Each approach has the advantage of using a sensitive DNA quantification method.
The assay is fast, accurate, fits easily into laboratory workflow, and can be executed with common instruments. In only half a day, a person can easily assay 1000 proteins in 96 samples, and set up the hybridization measurements of the resulting aptamers that will run overnight. The data from the SOMAscan assay are quantitative and precise: approximately half the analytes can be measured at concentrations below 1 pM. The performance of the assay has been detailed extensively [66] , including the specificity of SOMAmers for their target proteins. In other studies, we have found a high correlation of protein measurements in plasma, serum, and buffer made with the SOMAscan assay, and both single ELISAs and commercial bead-based multiplex antibody assays [Gold L et al., Unpublished Data] . Specificity controls are important for affinity-based proteomics and ongoing efforts in the community aim to develop standard formats for the representation of protein affinity reagents [84] . Lastly, although the data published thus far utilizes hybridization of labeled SOMAmers to their complements as the detection methodology, all DNA measurement technologies work very well [85] .
Diagnostic applications: biomarker discovery thus far
We have published two examples of Brin-like epistemology that we discovered with the SomaLogic platform, and each is informative. In the first paper, the SOMAscan proteomics platform was used to identify biomarkers for chronic kidney disease (CKD) [66] . A rather small clinical trial was performed, comparing people with earlystage CKD with people with more advanced disease. The results were surprising. The standard measurement to ascertain kidney failure is the glomerular filtration rate (real or estimated; GFR or eGFR, respectively). Filtration through the kidney has been thought to be largely a passive diffusion event, with small molecules passing into the bladder and larger molecules not. Similarly, kidney dialysis for people with failed kidneys is performed so as to remove those small molecules that build up in the blood when the GFR is reduced. Various estimates of the molecular weight required for filtration have been made over the years, with normal filtration occurring for molecules at or below 30,000 Da [86, 87] .
In our study many (but not most) low-molecular-weight proteins accumulated in the blood when the GFR was reduced. Among the proteins whose concentrations increased the most with decreasing GFR were at least four previously known markers of CKD. Surprisingly, the concentration of most small proteins did not increase much or at all. This suggests that passive diffusion through the glomeruli is not the major means by which these proteins leave the blood. This is an example of data from the SOMAscan proteomics platform that relied on an unbiased set of measurements.
The second example of Brin-like epistemology is a study of lung cancer [67] . We compared the sera of heavy smokers not known to have non-small-cell lung cancer (NSCLC; or known to have benign nodules) with the sera of heavy smokers known to have either early-stage or latestage NSCLC. Many biomarkers were identified, with some familiar proteins on the list and some surprises. Careful analysis of the data suggested that of the 40-60 biomarkers that indicated NSCLC, many were correlated with each other and were likely to be involved in only a small number of pathways [67] . The accuracy (expressed as the AUC calculation from the receiver operating characteristic [ROC]) curve for a typical classifier using approximately 12 biomarkers) is approximately 90%, and was confirmed on a set of blinded samples held back for that purpose [67, 101] . The data for the entire experiment were collected for all 1400 patients (with 870 protein measurements per sample) in less than 2 weeks. Because early-stage NSCLC is treatable by surgery with positive outcomes [88, 89] , the unbiased search for biomarkers may lead to a screening test for people at high risk of having NSCLC.
We have made promising biomarker discoveries in other diseases with significant unmet medical need (Figure 2) , including pancreatic cancer, mesothelioma, ovarian cancer, depression, and Parkinson's disease (in this case using cerebrospinal fluid rather than blood).
Expert commentary
Antibody-based affinity assays have a prestigious history in protein measurement and single-protein biomarkers measured by ELISA form the basis of molecular diagnostics in clinical practice today. Much hope is placed in the discovery of new multiprotein biomarker panels to advance the practice of evidence-based medicine, and substantial evidence supports this hope. The key to unlocking protein biomarker discovery is high-content proteomics to accurately measure substantial portions of the human proteome -thousands to all approximately 23,000 proteins. MS and antibody-based affinity assays have dominated approaches to high-content proteomics. Tremendous progress has been made in both fields, but both are thus far limited by specific technical limitations. We reviewed the limitations of antibody-based assays, which require a sandwich-format like ELISA to achieve high sensitivity and specificity in single analyte measurements. The ability to multiplex sandwich assays is fundamentally limited by the inherent cross-reactivity of all types of antibodies, which 
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High-content affinity-based proteomics cannot be overcome. Therefore, multi plex antibody sandwich assays will remain relatively modest in size. Content can be increased with additional multiplexed assays, with added sample requirements, assay complexity and efficiency. We reviewed a new high-content proteomics platform based on SOMAmers, which currently measures approximately 1000 proteins in a 15-µl drop of blood, and we reviewed some examples of its application to identify biomarkers in human diseases with critical unmet medical need. We hold great hope for high-content proteomic technology and its promise to unlock biomarker discovery and advance evidence-based medicine.
Five-year view
SOMAscan provides protein measurements equivalent to ELISAs for most analytes. The best SOMAmers allow limits of detection in the assay at approximately 50 fM, and approximately half the analytes show measured LODs below 1 pM. Of the 3400 proteins thought to be intentionally secreted as part of the human secretome [90] , many are found in concentrations within the reach of our assay, but some will be undetectable in healthy or sick people. Most of the proteins thought to be secreted into blood have never been measured, in part because no binding reagent has been made, or in the case of antibodies, no pair of antibodies has been used to make a sensitive sandwich ELISA for that analyte. Clearly one will want to expand the present list of approximately 1000 SOMAmers to at least the full human secretome and soon thereafter to the entire proteome.
Another important element will be to measure in blood the most abundant tissue-specific analytes as a measure of cell death in that tissue. Biomarkers for cancer and other pathologies will often be accompanied by elevated levels of proteins from dead cells in the affected tissue.
Another important element that comes from the work is to link systems biology to proteomics, which has thus far been impossible. If mRNA levels were tightly correlated with protein levels, one would be able to use genome-wide mRNA profiles to understand biology. The published data for mRNA and protein levels suggest low correlations [14] [15] [16] [17] [18] .
One will always wonder about other improvements to the technology. The key parameters for any diagnostic always include precision, speed, sensitivity, specificity and cost. Today the developed world spends approximately 3-4% of its healthcare budget on diagnostics (that budget varies from $2000/ person/year to $6000/person/year in different countries). This would suggest an annual in-market cost for a complete wellness proteomic array (with full informatics at its side) of between $60 and $240. Molecular diagnostics must reach toward personalized medicine by providing critical information to patients and physicians at a cost that lowers the healthcare economic burden. 
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Key issues
• High-content proteomics holds the promise to unlock unbiased protein biomarker discovery to develop a new generation of tools for evidence-based medicine and therapeutic development.
• Proteins that comprise the circulating blood proteome form the basis of current molecular diagnostics practice (typically single protein biomarkers measured by ELISA). The plasma proteome is considered the most promising for discovering new biomarkers and biomarker patterns.
• High-content proteomics is technically challenging because the circulating proteome is a complex mixture of diverse proteins (an estimated 3400 proteins) that spans approximately 12 logs of concentration.
• High-content proteomics has not yet been achieved by mass spectrometry or multiplex antibody-based assays due to specific technical challenges.
• Antibodies, by nature, have inherent cross-reactivity that limits their ability to be multiplexed at high content for high-content proteomics.
• Both planar antibody-based arrays and bead-based suspension arrays are limited in content by cross-reactivity.
• A new class of aptamer based protein affinity reagents -slow off-rate modified aptamers (SOMAmers) -specifically overcomes the limitations posed by antibody cross-reactivity, especially in sandwich assay format, for high-content proteomics.
• We have achieved an important milestone in high-content proteomics with a highly multiplexed SOMAmer-based assay (SOMAscan), that currently measures approximately 1000 human proteins in a drop of blood (~15 µl) with low limits of detection (1 pM median), 7 logs of overall dynamic range (~100 fM-1 µM), and 5% median coefficient of variation.
• The power of the SOMAscan platform for biomarker discovery has been shown in clinical studies of diseases with unmet clinical need, including a study of lung cancer.
